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ABSTRACT: Cholesterol and saturated lipid species preferentially partition into liquid ordered microdomains,
such as lipid rafts, away from unsaturated lipid species for which the sterol has less affinity in the
surrounding liquid-disordered membrane. To observe how cholesterol interacts with unsaturated phos-
pholipids, we have determined, from one-dimensional neutron scattering length density profiles, the depth
of cholesterol in phosphatidylcholine (PC) bilayers with varying amounts of acyl chain unsaturation.
Through the use of [2,2,3,4,4,6-2H6]-labeled cholesterol, we show that in 1-palmitoyl-2-oleoylphosphati-
dylcholine (16:0-18:1 PC), 1,2-dioleoylphosphatidylcholine (18:1-18:1 PC), and 1-stearoyl-2-arachi-
donylphosphatidylcholine (18:0-20:4 PC) bilayers the center of mass of the deuterated sites is
approximately 16 Å from the bilayer center. This location places the hydroxyl group of the sterol moiety
at the hydrophobic/hydrophilic bilayer interface, which is the generally accepted position. In dramatic
contrast, for 20:4-20:4 PC membranes the hydroxyl group is found, unequivocally, sequestered in the
bilayer center. We attribute the change in location to the high disorder of polyunsaturated fatty acids
(PUFA) that is incompatible with close proximity to the steroid moiety in its usual “upright” orientation.

The physiological importance of (PUFA)1 is becoming
increasingly evident (1). High concentrations of PUFA-
containing phospholipids are found in neural membranes,
where they are essential for neurological function, and many
health benefits are derived from dietary food sources rich in
PUFA, whose lipids are eventually incorporated into the
phospholipids of plasma membranes. It has been hypoth-
esized that the poor affinity of cholesterol, which is abundant
in the plasma membrane of most animal cells, for PUFA-
containing phospholipids plays a crucial biological role (2-
4). According to this hypothesis, the low mutual affinity
drives the formation of polyunsaturated lipid-rich/sterol-poor
microdomains and saturated lipid-rich/sterol-rich micro-
domains, such as lipid rafts, that provide the necessary local
environment for protein function. Here, the previously
unexplored effect of polyunsaturation upon the depth to
which cholesterol penetrates the membrane is investigated
by means of neutron scattering.

A primary role of cholesterol is to modulate molecular
organization within membranes (5). Its interaction with
saturated fatty acid (SFA)-containing phosphatidylcholines

(PC) is well-characterized. The introduction of the rigid
steroid moiety into homoacid-disaturated PC membranes
disrupts the regular packing of chains in the gel or solid-
ordered (so) phase and restricts the reorientation of the fatty
acid chains in the liquid crystalline or liquid-disordered (ld)
phase (6). The differential between the phases is smeared
out until a liquid-ordered (lo) phase, characterized by rapid
reorientation but high conformational order, is formed over
a wide range of temperatures at concentrations>25 mol %.
Excess sterol is expelled when the content exceeds>50 mol
% (7). Within the membrane, the 3â-hydroxyl group of
cholesterol locates just below the aqueous interface (8) and
the steroid moiety rotates rapidly about the long molecular
axis that wobbles through a narrow range of angles slightly
tilted relative to the bilayer normal (9). A similar behavior
is exhibited by heteroacid-saturated-monounsaturated PC
(10-12).

The interaction of cholesterol with polyunsaturated fatty
acid (PUFA)-containing phospholipids is much less under-
stood and has only recently begun to receive attention. A
variety of biophysical measurements have revealed that the
sterol has an aversion to PUFA (2, 3, 13, 14). The
tremendous reduction in the amount of cholesterol that
dipolyunsaturated PC membranes can accommodate points
to this reduced affinity. Specifically, a solubility limit ofe15
mol % was measured in 1,2-diarachidonylphosphatidyl-
choline (20:4-20:4 PC) (15) and 1,2-didocosahexaenoylphos-
phatidylcholine (22:6-22:6 PC) (16) by X-ray diffraction
and solid-state2H NMR. This poor affinity of cholesterol
for PUFA-containing PC has been attributed to the high
conformational disorder of the PUFA chains, the result of a
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low energy barrier to rotation about the single bonds that
separate the multiple double bonds in the recurring
dC-C-Cd motif (17). Whereas a SFA chain adopts an
all-trans configuration, presenting a smooth facade and
facilitating intimate contact with the rigid steroid moiety, a
highly dynamic and disordered PUFA chain deters such
proximity with cholesterol. The current study employs
neutron scattering to determine how this unfavorable interac-
tion with PUFA affects the location of cholesterol within a
membrane. A remarkable change in the depth to which the
sterol penetrates a dipolyunsaturated phospholipid membrane
is identified.

Neutron Diffraction and Deuterium Labeling.The success
of neutron diffraction to locate individual membrane com-
ponents along the normal of the bilayer plane is well-
established. The technique relies on the specific deuterium
labeling of molecular groups and the Fourier reconstruction
of the bilayer profile from the diffraction data. The unique
ability of neutrons to distinguish between hydrogen and
deuterium atoms provides the signal from the deuterium
label, which remains once all of the unlabeled sample data
has been subtracted away.

One of the first demonstrations of the technique was
provided by Zaccaı¨ et al. (18), who identified the various
molecular components of a 1,2-dipalmitoylphosphaityl-
choline (16:0-16:0 PC) bilayer (19, 20). Since then, the
molecular components of bilayers formed, for example, from
1,2-dioleoylphosphatidylcholine (18:1-18:1 PC) (21, 22) and
phosphatidylinositol (23) lipids have been measured. The
location of several membrane-bound molecules has also been
determined. They include anaesthetics (2), squalene (25),
selectively labeled protein residues (26, 27), and cholesterol
in homoacid-disaturated and heteroacid-saturated-mono-
unsaturated PC bilayers (8, 11).

Structure determination of lipid bilayers is complicated
by the disorder present within the bilayers, because of the
high mobility of molecules in all directions as well as
vibrations and undulations of the membrane itself. Conse-
quently, the measured structural profile of the bilayer in the
direction normal to the plane of the bilayer, be it from X-rays
(electron density) or neutrons (scattering length density,
SLD), is inherently of lower resolution. Higher resolution
profiles can be gained through partial dehydration and
alignment of the bilayers on a flat substrate. However, the
commonly defined resolution,d/hmax, remains on the order
of 6-11 Å. Here,d is the unit-cell size or the repeat distance
of the multilamellar stack, andhmax is the number of
measured quasi-Bragg diffraction orders.

On the other hand, the accuracy of the location and
distribution of a specific deuterium label is quite high.
Gordeliy and Chernov (28) have theoretically demonstrated
that, with only 4 diffraction orders, the label position can be
determined with an accuracy of better than 1 Å and the width
of the distribution of a label to an accuracy of better than
∼5%. What this means is that the measured label distribu-
tions are suitable for a direct comparison with those obtained
from theroetical molecular models.

In this paper, we report the location of the hydroxyl end
of the cholesterol steroid in membranes with varying degrees
of acyl chain unsaturation. In bilayers composed of PC
molecules with a saturated acyl chain at thesn-1 position or
a monounsaturated acyl chain at bothsn-1 andsn-2 positions,

the “top” of the steroid moiety resides 16( 1 Å from the
bilayer center. This value corresponds to the location
previously measured for cholesterol (8). However, in a
dipolyunsaturated PC bilayer, when the entire hydrocarbon
matrix consists of PUFA chains, our measurements indicate
that the “top” of the cholesterol steroid structure relocates
to the center of the bilayer.

MATERIALS AND METHODS

Phosphorylcholine lipids were purchased from Avanti
Polar Lipids (Alabaster, AL) and prior to use were tested
for degradation with TLC. The lipids studied were of the
form 1-acyl-2-acyl-sn-glycero-3-phosphorylcholine, where
the acyl chains were either palmitoyl-oleoyl, (16:0-18:1 PC),
di-oleoyl (18:1-18:1 PC), stearoyl-arachidonoyl (18:0-20:4
PC), or di-arachidonoyl (20:4-20:4 PC). Sigma (St. Louis,
MO) and CDN Isotopes (Pointe-Claire, Que´bec, Canada)
were, respectively, the source of unlabeled cholesterol and
selectively deuterated [2,2,3,4,4,6-2H6] cholesterol.

All preparations of aligned multilayer samples were carried
out in a helium-filled glovebox, and to ensure that the
solubility limit was not exceeded in the case of the dipoly-
unsaturated PC, the amount of cholesterol was set at 10 mol
%. Because PUFA-containing phospholipid samples are
susceptible to peroxidation, they were checked for odor,
which is a sensitive indicator of sample degradation, before
and after data collection. Suspect samples were checked for
purity by TLC and, if found to be degraded, were remade.
A total of 12 mg of phospholipid and cholesterol was
codissolved in chloroform-trifluoroethanol (3:1). The solu-
tion was then deposited on a silicon crystal substrate, and
the solvent evaporated while gently rocking the sample. The
sample was then placed in a vacuum for∼2 h to remove
traces of the solvent.

Neutron diffraction data were taken on the N5 beam-line
at the Canadian Neutron Beam Center (Chalk River, Ontario,
Canada), using 2.37 Å wavelength neutrons selected by the
(002) reflection of a pyrolytic graphite (PG) monochromator,
while a PG filter was used to eliminate higher order (i.e.,
λ/2, etc.) reflections. The samples were equilibrated in a
humid, helium atmosphere at room temperature for several
hours and kept at 24.0( 0.5 °C during data collection.
Samples were hydrated at fixed humidities using saturated
salt solutions of KCl (84% RH) and KNO3 (94% RH) with
8 mol % 2H2O. Because of time constraints, only a few
samples were measured at an additional2H2O concentration
of 20 mol %. These samples consistently reproduced the
samed spacing as the 8 mol %2H2O samples at the same
relative humidty, which points to the reproducibility of the
results.

Typically, hmax ) 5 orders of Bragg diffraction was
recorded as illustrated in Figure 1. The unit-cell size varied
between 45 and 54 Å, meaning that the data have a
commonly defined resolution of 9-11 Å. Linear back-
grounds were subtracted from the signal, and the quasi-Bragg
peaks were fit with Gaussians. The area of the peak is the
measured integrated intensity,I(q), as a function of the
scattering vector,q ) 4π sin(θ)/λ, whereλ is the wavelength
and θ is the scattering angle. The intensity was corrected
using the following terms. First, in a narrow, Gaussian
incident shaped beam, there is a varying neutron flux
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impinging on the sample as the sample angle is varied to
cover the necessaryq values. This correction is given by

where erf is the error function,σ is the width of the beam,
and L is the width of the sample. The Lorentz correction
CLor ) sin(2θ) is then applied. Finally, the data are corrected
for sample absorption in the following manner:

whereµ is the calculated absorption coefficient andt is the
sample thickness. The amplitude of the form factor for each
quasi-Bragg reflection is then given by|F(q)|2 ) CfluxCLor-

CabsI.

The SLD profileF(z) was constructed as follows:

wherez is the distance along the bilayer normal andz ) 0
is defined as the center of the bilayer. To put the data on an
absolute scale, the forward scattering intensity,F0, must be
known. However, because it cannot be measured, it has to
be estimated. We calculate these values based on the
chemical composition and the assumption of a mass density
of 1 g/cm3. The values are listed in Table 1. Data were then
placed on an absolute scale by requiring that the area in the
difference SLD profile be equal to the scattering length of
the label, of 6 deuterium minus 6 hydrogen.

The phases of the SLD Fourier reconstruction were
determined by a method different from previous measure-
ments (11, 19). We take advantage of the fact that a mixture
of 8 mol % 2H2O in H2O has a net zero SLD; therefore, the
scattering arises only from the lipid molecules, whose
structure is assumed to change only slightly with changes
in interbilayer water content for relative humidities between
80 and 95% (29). Because the only changing mass in the
unit cell is from the water, the total SLD of the unit cell,
that is Ftot ) ∫0

dF(z)dz ) F0, does not change with differ-
ences in hydration. In other words, the form factor, i.e., the
lipid bilayer, should not change with the swelling of the unit
cell. The structure factor amplitudes can thus be plotted on
a single form factor curve (29), which is not the case for
bilayers such as, gel-phase 1,2-dimyristoylphosphatidyl-
choline (14:0-14:0 PC) and 16:0-16:0 PC whose chain tilt
varies with hydration (30, 31). In this manner, the correct
form factor can be interpolated or extrapolated to a givend
spacing. Moreover, it is then possible to match thed spacing
between experiments more precisely.

RESULTS AND DISCUSSION

Figure 2 shows the SLD profiles of unlabeled cholesterol
in 16:0-18:1 PC, 18:1-18:1 PC, 18:0-20:4 PC, and

Table 1: Tabulated Measured and Calculated Form Factors for Membranes that Contain the Deuterium-Labeled Cholesterol (Table D) and the
Normal Cholesterol (Table H)a

Table D
16:0-18:1 PC 18:1-18:1 PC 18:0-20:4 PC 20:4-20:4 PC

FD δ F FD δ F FD δ F FD δ F

F0 3.704 4.101 5.117 7.003 0.059
F1 -2.487 0.056 -3.034 0.045 -1.688 0.026 -1.730 0.056
F2 -1.100 0.056 -1.323 0.045 -0.989 0.026 -1.799 0.056
F3 0.713 0.056 0.931 0.045 0.472 0.026 0.621 0.056
F4 -0.278 0.057 -0.537 0.046 -0.224 0.026 -0.386 0.056
F5 -0.129 0.058 -0.190 0.047 -0.053 0.026

Table H

16:0-18:1 PC 18:1-18:1 PC 18:0-20:4 PC 20:4-20:4 PC

FH δ F FH δ F FH δ F FH δ F

F0 3.088 3.503 4.535 6.775
F1 -2.241 0.012 -2.714 0.037 -1.479 0.031 -1.919 0.064
F2 -0.648 0.012 -0.872 0.037 -0.574 0.031 -1.886 0.064
F3 0.460 0.012 0.516 0.038 0.264 0.032 0.571 0.065
F4 -0.266 0.012 -0.328 0.038 -0.154 0.032 -0.422 0.064
F5 -0.049 0.012 -0.056 0.038

a The values ofF0 were estimated on the basis of the chemical composition and a mass density of 1 g/cm3. The errors of the form factors arise
from fitting the measured values ofFh at different hydrations to a single form factor curve as described in the text.

FIGURE 1: Example of raw diffraction data for each of the lipids
studied. Note the increase in the second-order intensity around 5°
for 20:4-20:4 PC compared to the other lipids, indicating an
increase in the SLD in the center of the bilayer relative to the inter-
bilayer water layer.

Cflux ) 1/erf(L sin(θ)

x8σ )

Cabs) R/(1 - e-R), R ) 2µt
sin(θ)

F(z) ) F0 + 2∑
h)1

hmax

Fhcos(2πzh/d)
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20:4-20:4 PC bilayers. The origin of the abscissa is the
centrosymmetric center of the unit cell, which corresponds
to the center of the bilayer, while the interlamellar water
layer is at the edges of the unit cell. The maximum in the
SLD corresponds to the combined glycerol-ester and
phosphate regions of the lipid bilayer. Values for the putative
bilayer hydrophobic thickness, defined by the distance
between these peaks, are presented in Table 2. The negative
dip in SLD, corresponding to the bilayer center, is due to
the disordered terminal methyl groups of the acyl chains.

Inspection of the profiles for 16:0-18:1 PC (Figure 2A)
and 18:1-18:1 PC (Figure 2B) reveals a small “kink” as
one moves from the bilayer center toward the headgroups.
This feature has previously been determined to correspond
to the location of the double bond in oleoyl fatty acid chains
(21, 22). In 18:0-20:4 PC (Figure 2C) and 20:4-20:4 PC

(Figure 2D), there is less evident structure in the acyl chain
region of the SLD profile, resulting in a more “V”-like-
shaped hydrophobic region that reflects the elevated con-
formational flexibility associated with the multiple double
bonds in the arachidonyl chain. A similar profile was
previously seen in the electron-density profile for 1-palmi-
toyl-2-arachidonoylphosphatidylcholine (16:0-20:4 PC) bi-
layers (32) and also for more highly unsaturated docosa-
hexaenoyl-containing PC bilayers (32, 33).

Figure 3 shows the difference profiles between the
deuterium-labeled and unlabeled cholesterol from Figure 2.
The difference is dominated by a single pair of Gaussian-
shaped peaks symmetrically disposed on either side of the
origin (parts A-C of Figure 3) or a single Gaussian-shaped
peak centered at the origin (Figure 3D) above a fluctuating
background. These peaks designate where the center of mass
of the six deuterated sites on the labeled sterol sits within
each membrane. The solid line is a single Gaussian function
fit to the difference data, which is used to determine the
location and width. The fitted values are listed in Table 2.
Moreover, the appearance of a single Gaussian is indicative
of a single population for the label.

For 16:0-18:1 PC (Figure 3A), 18:1-18:1 PC (Figure
3B), and 18:0-20:4 PC (Figure 3C) the label appears
approximately 16 Å from the bilayer center. This location
coincides with that usually found for cholesterol in a
membrane. It places the hydroxyl group of the sterol moiety,
which is 1.9 Å away from the center of mass of the
deuterons, within the hydrophobic/hydrophilic interfacial
region (8). A schematic rendition is offered in Figure 4A.
Although the bilayer thickness decreases by nearly 2 Å from

FIGURE 2: SLD of bilayers, including water, containing unlabeled
cholesterol. The origin of the abscissa is the center of the bilayer.
The calculated SLD profiles have a spatial resolution of∼10 Å
and contain obvious features. The negative dip at the center is from
the terminal methyls, and the broad, positive peaks are due to the
glycerol-ester through phosphate regions. The bilayer thickness
is defined as the distance between the maxima of the two peaks.

Table 2: Tabulated Data of the Measured and Calculated Structural
Parametersa

lipid

repeat
spacing

(Å)

bilayer
thickness

(Å)

label
depth
(Å)

label
width
(Å)

16:0-18:1 PC 54.5 36.5 16.2( 0.5 5.8( 0.6
18:1-18:1 PC 52.0 34.7 16.4( 0.3 4.2( 0.2
18:0-20:4 PC 52.9 34.9 15.6( 0.4 5.9( 0.5
20:4-20:4 PC 46.4 30.6 0.0( 0.0 6.5( 0.3

a The bilayer thickness is defined as the peak-peak distance of the
bilayer SLD profiles shown in Figure 2. The center and width of the
label locations are determined from the Gaussian peak fits to the
difference SLD profiles shown in Figure 3.

FIGURE 3: SLD difference profiles between labeled and unlabeled
samples. The bilayer orientation is the same as in Figure 2. The
dashed line is the measured data, and the solid line is a fit with a
single Gaussian function. Fitting is performed in reciprocal space
by taking the difference in the measured form factors.
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16:0-18:1 PC to 18:1-18:1 PC and 18:0-20:4 PC (Table
2), the cholesterol resides within∼0.5 Å, in approximately
the same location in all three bilayers. When only the
hydroxyl end is labeled, we cannot measure the degree of
tilt that the sterol has in these PC bilayers. Solid-state2H
NMR spectra for equimolar [3R-2H1]cholesterol incorporated
into homoacid-disaturated (34) and heteroacid-saturated-
unsaturated PC bilayers (12) indicate a most probable
orientation (tilt angle) ofR0 ) 16( 1° relative to the bilayer
normal for the long molecular axis, irrespective of the
number of double bonds in thesn-2 chain. Figure 4A shows
a generic picture of the orientation of cholesterol, with its
long molecular axis toward the bilayer center. The sample-
and time-averaged motion of cholesterol is measured in the
width of the label peak (Table 2). These values range from
4.2 Å in 18:1-18:1 PC to 5.8 and 5.9 Å in 16:0-18:1 PC
and 18:0-20:4 PC, respectively, and there seems to be no
correlation associated with the degree of hydrocarbon chain
unsaturation. Perhaps protruding almost 1 Å further into the
membrane surface, as implied by our data for 18:1-18:1
PC (Table 2), restricts the transverse motion of cholesterol.

In marked contrast to 16:0-18:1 PC, 18:1-18:1 PC, and
18:0-20:4 PC, for 20:4-20:4 PC, the headgroup region of
the bilayer SLD profile is unaltered in the presence of labeled
cholesterol. However, after subtraction, the difference SLD
displays excess SLD in the center of the bilayer, as shown
in Figure 3D. The best fit to a single Gaussian requires that
the label depth parameter be fixed at 0 Å, i.e., the bilayer
center. This result clearly establishes that the cholesterol
molecule has undergone a major reorientation within the
dipolyunsaturated membrane, such that its hydroxyl group
is now located in the middle of the bilayer. The question
that this surprising observation raises is whether the sterol
lies flat between monolayers or, less likely, has become
inverted in the bilayer. These two options are illustrated in
parts B and C of Figure 4, in conjunction with the much
thinner 20:4-20:4 PC bilayer.

If we consider 16:0-18:1 PC, 18:1-18:1 PC, and 18:0-
20:4 PC, the maxima associated with the glycerol-ester and
phosphate peaks in the SLD profile (parts A-C of Figure
2) lie 1-2 Å outside the maxima for the cholesterol label
peaks in the difference SLD profile (parts A-C of Figure
3). The transition between the hydrophobic membrane
interior and hydrophilic aqueous environment will not be
sudden but may be well-represented by this 1-2 Å region.
Note that the thickness of the 20:4-20:4 PC bilayer is>4
Å less than in the other cases, which is reflected in Figure
4. The peak of the glycerol-ester and phosphate region is
now at 15 Å, below the depth that would be occupied by
the hydroxyl end of cholesterol in its “usual” position.
Simply, there is not enough room for the sterol molecule to
stand upright within the 20:4-20:4 PC membrane without
protruding into the opposite leaflet, which may be a key
factor in promoting a change in orientation. The thinness of
the dipolyunsaturated bilayer, together with the related large
cross-sectional molecular area (35), originates in the ex-
tremely high disorder that rapid interconversion between
torsional states in polyunsaturated chains produces. An
increased volume density of acyl chains toward the mem-
brane surface of the type identified for PUFA chains by MD
simulations (33) would further tend to favor placing the bulky
steroid moiety in the center of the membrane. Once there, it
is conceivable that the-OH groups of cholesterol might join
to form dimers that further anchor that part of the molecule
in the bilayer center. Such an arrangement could apply to
sterols from opposing leaflets in an inverted orientation or
to sterols aligned parallel to the plane of the bilayer.

We speculated on the possibility that cholesterol penetrates
deeply into the hydrophobic core of the 20:4-20:4 PC
membrane in a previous study (15). The rationale came from
the poor affinity of cholesterol for polyunsaturated versus
saturated chains evidenced by solid-state2H NMR and X-ray
diffraction measurements of a dramatic reduction in the
solubility for the sterol in 20:4-20:4 PC. Whereas PCs
possessing a saturatedsn-1 chain can accommodate>50 mol
% cholesterol independent of the degree of unsaturation in
the sn-2 chain, the solubility in 20:4-20:4 PC when there
must be close contact with polyunsaturated chains is limited
to 15 mol %. We therefore reasoned that locating the sterol
in the middle of the dipolyunsaturated bilayer would alter
two important interactions. First, it would minimize the
proximity to the sequence of methylene-interrupted double
bonds that runs from C5 to C15. Second, it would maximize
the proximity to the 5 single bonds that runs from C15 to
C20 at the terminal methyl end of arachidonyl chains. The
findings reported here, as discussed above, offer a refinement
of this proposal.

Consistent with a profound difference in molecular
organization, the order parameterSCD determined from2H
NMR spectra observed for [3R-2H1]cholesterol added to
multilamellar dispersions in our earlier work is also sub-
stantially smaller for 20:4-20:4 PC (SCD ) 0.29) than PCs
comprised of a saturated chain at thesn-1 position and a
range of chains with 0-6 double bonds at thesn-2 position
(SCD ) 0.35) (12). Whether the sterol aligns perpendicular
to the bilayer normal at the interface between monolayers
(Figure 4B) or parallel to the bilayer and inverted (Figure
4C) cannot be ascertained from the spectral shape. The
spectrum is a powder pattern characteristic of rapid rotation

FIGURE 4: Schematic of the calculated locations and orientations
of cholesterol in a membrane. A gray background of model
phospholipids is shown for illustration purposes. (A) Canonical
location and orientation of cholesterol in a bilayer. The “top” of
the steroid ring is located 16 Å from the bilayer center, as measured
in 16:0-18:1 PC, 18:1-18:1 PC, and 18:0-20:4 PC bilayers. (B
and C) For 20:4-20:4 PC bilayers, the steroid label is at the center
of the bilayer and shown here in two possible orientations; lying
flat within the acyl chain matrix or inverted from its typical
configuration. The bilayer thickness, indicated by the horizontal
lines, is considerably less for the 20:4-20:4 PC bilayer. The figure
was prepared with Molscript (37).

Location of Cholesterol in a Polyunsaturated Membrane Biochemistry, Vol. 45, No. 4, 20061231



about an axis of indeterminate direction. Assuming an upright
disposition, a tilt angle ofR0 ) 22( 1° relative to the bilayer
normal was calculated from the quadrupolar splitting (12).
This angle could equally apply to a most probable orientation
relative to an axis parallel to the plane of the membrane for
a steroid molecule lying between leaflets or relative to the
bilayer normal for an inverted steroid molecule.

In conclusion, we have presented an extraordinary result
showing that the hydroxyl end of [2,2,3,4,4,6-2H6] cholesterol
lies at the center of 20:4-20:4 PC membranes. This profound
change in orientation of the sterol molecule in bilayers made
up entirely of polyunsaturated acyl chains represents a
dramatic manifestation of the unique properties of PUFA.
The physiological implications, at this point, are still to be
considered. Although rare in general, dipolyunsaturated
phospholipids are abundant in certain specialized membranes
such as in the retina (36). Further experiments on cholesterol
analogues with additional labels are planned to exactly orient
the cholesterol molecule within the bilayer.
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